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INTRODUCTION
Gallbladder carcinoma (GBC) is the sixth most common gastrointestinal malignancy and the most common biliary tract cancer worldwide, with a dismal 5-year survival rate of 5% to 10% in most cases [1] [2] [3] . Radical resection is the cornerstone of curative therapy for GBC. The factors such as the involvement of the liver [4] , lymphatic metastases [5] , and jaundice [6] , which influence the prognosis of patients with advanced GBC after radical resection, are still in dispute. The role of adjuvant therapy for GBC, however, is not well-known at this time [7] [8] [9] . Therefore, the identification of postoperative prognostic factors for patients with advanced GBC and the establishment of an accurate survival prediction model are of great significance for the selection of individualized treatments to increase the survival time.
Prediction models have been developed to assist doctors in estimating probabilities and potentially provide decision-making support [10] . Data mining methods have recently been introduced for use in the survival prediction of patients with GBC. Wang et al [11] built a nomogram survival model to predict which GBC patients may benefit from adjuvant chemoradiotherapy (cXRT). Additionally, Wang et al [12] proposed a multivariate Cox proportional hazards model to predict the survival benefit of adjuvant radiotherapy (XRT) for GBC patients. Ethun et al [13] designed a novel, pathology-based preoperative risk score to predict locoregional residual and distant disease, and the survival for incidental GBC. However, these methods are unable to represent the variables under uncertainty and also ignore the cause-andeffect relationships between prognostic factors.
Bayesian network (BN) is a directed acyclic graph for probabilistic reasoning [14] . Combined with a machine learning algorithm, BNs have great advantages in exploring the unknown probability of variables from the known probability knowledge, which has been applied widely in the field of medicine [15, 16] . We have previously applied a BN model and importance measures to identify the significant factors of survival after surgery for patients with GBC [17] . In the present study, we applied BN to build a model to predict the survival time for patients with advanced GBC following curative resection from the Surveillance, Epidemiology, and End Results (SEER) database. The objective of the study was to provide a survival prediction model to patients with GBC as well as to identify the role of adjuvant therapy.
MATERIALS AND METHODS
Data sources and study population
Patients who suffered GBC between 2004 and 2015 were identified from the SEER database, which included 12722 patients and 133 variables. First, only patients who were diagnosed based on the American Joint Committee on Cancer (AJCC) sixth and seventh editions from 2004 to 2015 were selected. We removed patients who did not have the ICD-0-3 codes 8140, 8141, 8143, or 8147, which designate adenocarcinoma [18] . Then, we chose GBC patients whose T stages were T3 and T4 and whose M stage was M0. Third, we removed patients who did not have Surg Prim Site codes 40 and 60, which indicate radical resection for GBC patients. Meanwhile, we selected patients whose behavior code was 3, which meant that the tumor was malignant. Finally, we removed patients with NA that did not incorporate the variables positive Ln and tumor size. After selection, we identified 818 patients who demonstrated advanced gallbladder adenocarcinoma and had undergone radical resection. The patient selection flowchart is shown in Figure 1 .
Standard patient data included 18 attribute variables, which were sex, age, grade, positive Ln, number Ln, Surg Prim Site, Scope Reg LN Sur, Surg Oth Reg, SEER historic stage, tumor size, T stage, N stage, AJCC stage, radiation, radiation sequence, chemotherapy, vital status, and survival months. The variables are shown in Table 1 .
Prognostic model based on Bayesian network
Data from the original dataset including 818 patients and 18 variables were collected to establish a BN model. As the BN can only deal with standard and discrete data formats, standardization of the dataset has to be completed prior to modeling ( Table  1 ). The variable of age was divided into three intervals of 19 to 64 years, 65 to 75 years, and 76 to 97 years based on the equal frequency. Positive Ln was divided into three intervals of 0, 1 to 3, and >3. Number Ln was divided into four intervals of 0, 1 to 3, 4 to 6, and >6. Tumor size was divided into four intervals of 0 to 10 mm, 11 to 30 mm, 31 to 50 mm, and >50 mm based on medical definitions. Survival time was divided into two intervals according to median survival time.
After establishment of the dataset of patients with advanced GBC and transformation of all continuous prognostic factors into discrete variables, a prognostic model was established using the tree-augmented naïve (TAN) Bayes algorithm. In order to evaluate the model performance more accurately, the strategy of stratification sampling was adopted to split the dataset to a training dataset and testing dataset. Seventy percent (574) of patients formed the training dataset to establish the Bayesian model and the remaining 30% (244) patients were considered as the testing dataset to test the model. With the dataset prepared, survival months were considered as the target variable to predict and the rest of variables were deemed to be the prognostic factors. The established BN model is shown in Figure 2 . When the number of negative and positive cases is imbalance in dataset, the accuracy may not be the appropriate criteria. Considering this condition, the receiver operating characteristic curve and the area under the curve (AUC), one of useful evaluating criteria, were calculated to measure the overall performance of the classification model further.
Confusion matrix and receiver operating characteristic curve
Importance measure
The Birnbaum importance measure is one of the most useful multistate importance measures available and could be used to calculate the importance of different attribute factors. The multistate Birnbaum importance equation can be expressed as: (2) V3,…,Vi,…,Vn) and each variable has states (0,1,…,j,…,Wj). P (S = 0) describes the prior probability of survival time ≤ median survival time, while P (S = 0|Vi = j) represents posterior probability. 
Statistical analysis
RESULTS
General characteristics of the study population
A total of 818 patients who underwent radical resection for advanced GBC met the inclusion criteria. The demographic and other characteristics of these patients are presented in Table 1 . The proportions of patients with T3 and T4 disease were 93.89% and 6.11%, respectively. Meanwhile, the proportions of patients with N0 and N1 disease were 65.28% and 34.72%, respectively. With regard to radiation, 226 (27.63%) patients received it, while 592 (72.37%) did not or had unclear data. Out of the patients who received radiation, only 4 (0.49%) received it before surgery, while 222 (27.14%) received it after surgery. Regarding chemotherapy, 345 (42.18%) underwent it, while 473 (57.82%) did not or had unclear data.
Assessment of model efficacy
When the follow-up was cut off in December 2015, 621 patients were dead and 197 patients were still alive. The median survival time was 9.0 mo (interquartile, 4-19 mo). A total of 574 patients in the training dataset were used to establish the BN model, and the testing dataset including 244 patients was used to evaluate the model performance. The results of confusion matrix are listed in Table 2 . There were 114 patients whose survival time was less than 9 mo and 130 patients who had a survival time longer than 9 mo. A total of 84 patients were correctly classified as having survival time ≤ 9 mo and 86 patients were classified as having survival time > 9 mo, based on the probability threshold of 0.5. Therefore, the TPR was 73.68%, while the precision or PPV was 65.62%. Thus, we inferred that the model accuracy was 69.67% based on Equation (1). The AUC value for the testing dataset was 77.72%, which reflects the accuracy of the model (Figure 2 ).
Prognostic factors ranked by importance
After we established the BN model using the training dataset, we listed the priori probability of each variable and calculated the posterior probability according to the equation of P (S = 0| V i = j). The priori probability for survival time was [P (S = 0) = 0.4686, P (S = 1) = 0.5314]. Then, the importance measure of each variable was calculated using Equation (2); the ranking results are shown in Table 1 . The results indicated that adjuvant radiation was the most important prognosis factor influencing survival time after radical resection for advanced GBC patients. Meanwhile, variables of chemotherapy and T stage played crucial roles in the prognosis of GBC patients, which ranked in the second and third places. Beyond that, the Scope Reg Ln Sur and radiation sequence were the fourth and fifth attribute factors for prognosis.
Survival prediction model
We combined the BN model and importance measures to identify that radiation and chemotherapy were important prognostic factors. Meanwhile, T stage and N stage are always used to determine the severity of the patient's illness. As a result, we selected radiation, chemotherapy, T stage, and N stage as the observation variables to obtain a prediction table. Using the established BN model, we could predict the survival probability for a survival time > 9 mo for patients with different states who underwent different adjuvant therapies. The survival prediction model is shown in Table 3 . For patients with node-negative disease, the model estimated the survival benefit from the addition of XRT and cXRT, regardless of T3 or T4 stage. For example, for a patient with T3N0 disease, his/her probability of a survival time > 9 mo with surgery alone, adjuvant chemotherapy (CTx), XRT, and cXRT was 41.35%, 58.29%, 75.42%, and 76.62%, respectively. For patients with node-positive disease, the model predicted survival benefit from CTx, XRT and xCRT. Meanwhile, patients acquired more benefit from xCRT than CTx and XRT. For example, for a patient with T4N1 disease, his/her probability of a survival time > 9 mo with surgery alone, CTx, XRT, and cXRT was 14.85%, 37.03%, 43.14%, and 57.97%, respectively.
Survival analysis
The 1-, 3-, and 5-year overall survival (OS) rates for advanced GBC patients after radical resection were 47.5%, 17.8%, and 10.9%, respectively. The median OS for the advanced GBC patients with surgery alone, CTx, XRT, and cXRT was 6.0, 13.0, 15.0, and 21.0 mo, respectively. There was a significant difference among the different adjuvant therapy groups (log rank, surgery alone vs CTx, P < 0.001; surgery alone vs XRT, P = 0.014; surgery alone vs cXRT, P < 0.001) (Figure 3 ).
DISCUSSION
The use of an effective risk and survival prediction model in any cancer after surgical resection is critical to patients and physicians for making decisions regarding adjuvant therapy modalities and the frequency of follow-up [19] . However, the accurate prediction of cancer outcome remains one of the most interesting and challenging tasks for physicians. As a result, machine learning methods have become a popular tool for medical researchers [20, 21] . In this study, we integrated BN with importance measures to identify the key factors underlying the prognosis of patients with advanced GBC after curative resection under uncertainty. The BN model was applied to predict patient survival time using the data gathered from the SEER database. In our model, the general model accuracy was 69.67%. Furthermore, the AUC for the BN model in the testing dataset was 77.72%. Therefore, we could obtain a higher TPR with a given FPR, which indicates a higher prediction accuracy with a lower risk.
On the basis of this model, by combining importance measures and their calculation method, we could obtain the ranking of the prognostic factors that influence the survival of patients with advanced GBC after radical resection. The ranking of prognostic factors is listed as follows: Radiation, chemotherapy, T stage, Scope Reg LN Sur, radiation sequence, Number Ln, AJCC stage, grade, Surg Oth Reg, age, Surg Prim Site, tumor size, positive Ln, N stage, SEER historic stage, and sex, in which radiation, chemotherapy, and T stage ranked among the top three with an importance value of 0.3261, 0.2795, and 0.2045, respectively. A total of 226 (27.63%) and 345 (42.18%) patients received radiation and chemotherapy, respectively. The results showed that adjuvant radiation and chemotherapy were the most important prognostic factors that influenced the survival of patients with advanced GBC after radical resection.
Locoregional recurrence following radical resection is a problem facing successful curing of the disease in patients with biliary tract cancers; for this reason, regional treatment in the form of radiotherapy is often considered as an adjuvant therapy after surgery [22] . However, due to its uncommon nature and the limited randomized controlled trials, the role of adjuvant therapy in advanced GBC patients after curative resection is controversial [23] [24] [25] . A nomogram survival model proposed by Wang et al [11] predicted that GBC patients with at least T2 or N1 disease would gain a survival benefit from adjuvant CRT, with a C-index of 0.67. Another multivariate Cox proportional hazards model constructed by Wang et al [12] predicted that adjuvant RT provided a survival benefit in nodepositive or ≥ T2 disease, with a C-index of 0.71. An analysis from the National Cancer Data Base by Hoehn et al [26] reported that adjuvant chemotherapy and radiation therapy improved survival for patients with node-positive GBC. In addition, a phase II prospective trial of adjuvant capecitabine and gemcitabine followed by radiotherapy and concurrent capecitabine in extrahepatic cholangiocarcinoma and GBC (SWOG: S0809) showed high levels of local control [27] . In this study, the BN prediction model confirmed the role of adjuvant therapy in advanced GBC patients after curative resection. For patients with node-negative disease, the model estimated the survival benefit from the addition of XRT and cXRT, regardless of T3 or T4 stage. For patients with node-positive disease, the model predicted survival benefit from CTx, XRT, and xCRT. Meanwhile, patients acquired more benefit from xCRT than CTx and XRT. In addition, the predicted result was validated by the survival analysis.
To our knowledge, no similar research on adjuvant therapy in curative resected GBC based on BN was reported. BN is a directed acyclic graph for probabilistic reasoning and is different from the traditional statistical analysis. However, the current study has several limitations. There are two main limitations affect recommended analyses using the SEER radiotherapy and chemotherapy data: (1) The completeness of the variables; and (2) The biases associated with unmeasured reasons for receiving or not receiving RT/chemotherapy. In addition, we were unable to consider some of the details from the SEER database, including radiation dosage, field(s) of radiation, and margin status as well as details of chemotherapy. Moreover, although this study was performed using the SEER database, the study population was only 818 patients after screening. Large-volume, prospective, randomized, controlled clinical trials are therefore needed to validate the prediction model in the future.
In conclusion, a BN model was constructed to predict the survival time for patients with advanced GBC after curative resection from the SEER database, with a model accuracy of 69.67%, and the AUC value for the testing dataset was 77.72%. Importance measures were used to sort these prognostic factors, in which radiation, chemotherapy, and T stage were ranked among the top three. The prediction model supported the role of adjuvant therapy for advanced GBC patients after curative resection. For patients with node-negative disease, the model estimated the survival benefit from the addition of XRT and cXRT. For patients with node-positive disease, the model predicted survival benefit from xCRT. 
ARTICLE HIGHLIGHTS
Research background
Gallbladder carcinoma (GBC) is the most common biliary tract cancer and the sixth most common gastrointestinal malignancy worldwide. Surgical resection is the only potentially curative treatment for GBC, and the outcome of patients with advanced disease is dismal. The 
Research motivation
In order to indentify the factors affecting the prognosis and role of adjuvant therapy in advanced GBC after curative resection, the establishment of an accurate survival prediction model for patients with advanced GBC is of great significance for the selection of individualized treatments to increase the survival time.
We have previously applied a Bayesian network (BN) and importance measures to identify the significant factors of survival after surgery for patients with GBC. In the present study, we applied BN to build a model to predict the survival time for patients with advanced GBC following curative resection.
Research objectives
The objective of this study was to provide a survival prediction model and decision-making support to patients with advanced GBC after curative resection, as well as to identify the prognostic factors associated with survival and the role of adjuvant therapy.
Research methods
Patients with curatively resected advanced gallbladder adenocarcinoma (T3 and T4) were selected from the Surveillance, Epidemiology, and End Results (SEER) database between 2004 and 2015. We constructed a survival prediction model based on the SEER database using the tree-augmented naïve Bayes algorithm, and composite importance measures were applied to rank the influence of prognostic factors on survival. The confusion matrix and receiver operating characteristic curve were used to evaluate the model accuracy.
Research results
A total of 818 patients met the inclusion criteria. The median survival time was 9.0 mo. The accuracy of the BN model was 69.67%, and the area under the curve value for the testing dataset was 77.72%. The importance measures showed that adjuvant radiation, adjuvant chemotherapy (CTx), T stage, scope Reg Ln Sur, and radiation sequence were ranked as the top 5 prognostic factors. A survival prediction table was then established based on T stage, N stage, adjuvant radiotherapy (XRT), and CTx. The prediction model showed that the survival time (>9.0 mo) was affected by different treatments with the order of adjuvant chemoradiotherapy > adjuvant radiation > adjuvant chemotherapy > surgery alone. For patients with node-positive disease, the larger benefit predicted by the model is adjuvant chemoradiotherapy, and the results were validated by the survival analysis further.
Research conclusions
A BN model was constructed to predict the survival time for patients with advanced GBC after curative resection from the SEER database, with a high model accuracy. The prediction model supported the role of adjuvant therapy for advanced GBC patients. For patients with nodenegative disease, the model estimated the survival benefit from the addition of XRT and cXRT. For patients with node-positive disease, adjuvant chemoradiotherapy is expected to improve the survival significantly.
Research perspectives
The BN-based survival prediction model can be used as a decision-making support tool for advanced GBC patients. We will improve the model accuracy based on more data. Largevolume, prospective, randomized, controlled clinical trials are needed to validate the prediction model in the future.
